Introduction
Cartilage injuries usually occur due to high-impact mechanical load exposure on the articular surface during routine activities, and often affect young people with athletic lifestyles. 1 Although articular cartilage, with its highly differentiated structure, is a metabolically active tissue, chondrocytes in the matrix have a relatively slow turnover, and self-repair capacity is limited, due to insufficient blood-circulation support. A minor injury occurring in articular cartilage may lead to progressive injury and degeneration.
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Injuries particularly result in increased tissue wear, loss of articular surface smoothness, and focal cartilage defects. This triggers a series of subchondral changes leading to joint pain and dysfunction, and may lead to osteoarthritis at different severity levels in the long term if not treated. 4 Effective cartilage therapy should both improve the activity level of the patient by reducing pain, and delay and reduce the development of osteoarthritis. 5 Although many cartilage-repair options have been developed for the treatment of osteochondral defects, such as open-surgery procedures, cartilage transplantation, tissue engineering, autologous osteochondral transplantation, autologous chondrocyte implantation, microfracture and drilling, perichondral and periosteal grafting, fetal membrane application, and intra-articular hyaluronic acid injections, 2, [6] [7] [8] [9] normal cartilage tissue has not been exactly achieved. [10] [11] [12] [13] We think that the combined use of sodium hyaluronate (HA) 8 and chondroitin sulfate (CS) 14 in a single injectable form (HA+CS), positive results of which have been reported when used separately in the treatment of osteoarthritis and chondral lesions, can result in a synergistic effect on cartilage healing; this combined treatment protocol may lead to new cartilage formation of good quality in the treatment of osteochondral defects. Therefore, we investigated the effect of HA+CS solution on newly formed cartilage after subchondral drilling in femur condyles of rabbits with focal osteochondral defects.
Materials and methods
This study was conducted with the approval of the institutional ethical board of animal assays of Fırat University (2014/111). The study was conducted in accordance with the Guide for the Use and Care of Laboratory Animals. A total of 32 mature male New Zealand White rabbits weighing 2.5-3 kg were divided randomly into four equal groups, with eight animals in each group.
After full-thickness osteochondral defect and subchondral drilling, all experimental animals underwent the following treatment protocol by a blinded practitioner: group 1 (n=8), 0.3 mL combined solution of HA+CS (20 mg CS combined with 16 mg HA/mL; Ialuril; IBSA Farmaceutici Italia SRL, Lodi, Italy) was administered intra-articularly to the knee joint; group 2 (n=8), 0.3 mL HA (16 mg/mL; Sinovial Forte; IBSA Farmaceutici) was administered intra-articularly to the knee joint; group 3 (n=8), 0.3 mL CS (20 mg/mL; Uropol; Medac GmbH, Wedel, Germany) was administered intra-articularly to the knee joint; and group 4 (n=8, control group), 0.3 mL saline solution was administered intra-articularly to the knee joint. Starting 1 week after the wound was closed, the knee joint of each experimental animal underwent the treatment protocol at the same dose once a week for 3 weeks.
After receiving postoperative care, the experimental animals were fed with appropriate pellet feed and water, and they were allowed to move freely in their cages during all steps. At the end of the sixth week, all animals were killed, and then samples were evaluated macroscopically, histopathologically, and biochemically.
surgical procedure
General anesthesia was induced with an intramuscular injection of 50 mg/kg ketamine HCl and was maintained with an intramuscular injection of 5 mg/kg xylazine HCl and 0.3 mg/kg ketamine HCl. The left hind limbs of the rabbits were shaved, scrubbed with 10% povidone iodine, and draped in a sterile fashion. The left-knee medial parapatellar incision was performed and the patella dislocated laterally. A fullthickness osteochondral defect of 3-4 mm in diameter and 4 mm in depth extending to subchondral bone in left medial femur condyles was then created. Subsequently, three subchondral drills were performed on the defect area with the help of Kirschner wire in triangular configuration, passing the subchondral bone by at least 3 mm (as far as bleeding and fat were observed). The wound was then closed properly. In accordance with study protocol, HA+CS, CS, HA, and saline solution were administered again into the knee joints of experimental animals at 7, 14, and 21 days after surgery. All experimental animals were killed at the end of the sixth week using the carbon dioxide-inhalation method.
histopathological evaluation
Articular cartilage, synovial tissue, and synovial fluid of knees of 31 rabbits were collected. The knee articular cartilage of all rabbits was assessed according to the macroscopic scoring system identified by Rudert et al 15 (Table 1) . The samples collected were fixed with 10% formalin solution, decalcified with 10% nitric oxide, and placed in paraffin blocks. All samples were divided into sections with a thickness of 4 μm and stained with hematoxylin and eosin for morphological analysis. For immunohistochemical analysis, all samples were also stained with proliferating cell nuclear antigen (Dako, Glostrup, Denmark) using an automatic staining system with poly-l-lysine-coated microscope slides (SN 712299, ref 750-700; Ventana Medical Systems, Tucson, AZ, USA). The collagen type in resulting cartilage-tissue matrix was determined by immunoperoxidase staining. All preparations were evaluated by a blinded pathologist using light microscopy (BX51; Olympus, Tokyo, Japan). Histological criteria identified by Dorotka et al 16 were used to show the type of tissue developing in the osteochondral defect area. The samples were also evaluated according to the International Cartilage Repair Society visual histological assessment scale modified by Mainil-Varlet et al 17 ( Table 2) .
Biochemical evaluation
Before all animals were killed, 0.2 mL saline solution was injected into the knee joint to obtain sufficient articular synovial fluid, and then synovial fluid was aspirated. Approximately 0.3-0.6 mL synovial fluid obtained from each knee joint was centrifuged at 5,000 rpm for 30 minutes. TNFα, neopterin, collagenase type 2, TGF1β, TIMP1, VEGFA, and IL-1β levels in synovial fluid were determined using enzyme-linked immunosorbent-assay kits (Sunred Biological Technology, Shanghai, China).
statistical analysis
All data were evaluated using the SPSS 17.0 package program (SPSS Inc, Chicago, IL, USA). A 95% confidence interval and P-value less than 0.05 were considered significant for all analyses. Numerical data were analyzed using the Shapiro-Wilk test to assess whether the data were parametric. Numerical data between groups were evaluated by Kruskal-Wallis test.
If the difference between groups was statistically significant, Bonferroni-corrected Mann-Whitney U tests were used to assess which groups were different. All numerical data are represented as median, minimum, and maximum values. Differences in categorical variables were compared with Pearson's χ 2 test and are represented as percentage and number.
Results
There was no infection in any experimental animals. One experimental animal was excluded from the study due to death. A total of 31 experimental animals completed the study: eight in the HA+CS group (25.8%), eight in the HA group (25.8%), eight in the CS group (25.8%), and seven in the control group (22.6%). In macroscopic evaluation, there was synovial hypertrophy and excessive synovial fluid accumulation in the knee joint in three cases. One of these cases was in the HA+CS group, and two were in the CS group. In the macroscopic examination of the defect area, there were no statistical differences between the groups in terms of filling, color, or surface roughness of newly formed cartilage tissue ( Figure 1 , Table 3 ).
There was a statistically significant difference between groups in terms of newly formed cartilage-tissue type according to Dorotka histological scoring (Table 4 ). There was no cartilage formation in fibrous tissue in any of the groups. There was statistically significant articular cartilage formation in the HA+CS group compared to the HA, CS, and control groups (P=0.041, 0.01, and 0.029, respectively). Hyaline cartilage formation was observed in a single case in the HA+CS group (Figures 2-5 ).
The characteristics of the groups according to the modified International Cartilage Repair Society visual histological assessment scale are shown in Table 5 . Cartilage-surface continuity and smoothness were observed to be statistically higher in the HA+CS and HA groups compared to the CS and control groups (P=0.041 for HA+CS vs CS; P=0.007 for HA+CS vs control; P=0.041 for HA vs CS; P=0.041 for HA vs control). There was significantly higher mixed-type (hyaline/fibrocartilage) cartilage-structure formation in cartilage matrix in the HA+CS, HA, and CS groups compared to the control group (P=0.049). In terms of cell distribution, there was a statistically significant level of cartilaginous clusters in mixed/column types in other groups compared to the control group (P=0.009). There was no difference among the groups in terms of number of living cells in newly formed cartilage. The living cell count was dominant in all groups. There was no statistically significant difference between the groups in terms of subchondral bone characteristics in the defect area. Normal cartilage mineralization (calcified cartilage) was found to be significantly higher in the HA+CS group compared to the HA, CS, and control groups (P=0.041, 0.01, and 0.01, respectively). There was a similarity among groups in terms of proliferating cell nuclear antigen and type of collagen (type I and II) ( Figure 6 ). In biochemical analysis, mean TNFα, neopterin, collagenase type 2, TGF1β, and TIMP1 levels in synovial fluid were similar among groups. However, there was a significant difference among the groups in terms of mean VEGFA and IL-1β levels in synovial fluid. The mean VEGFA level in synovial fluid was significantly higher in the HA+CS group compared to the HA, CS, and control groups (P0.001, P=0.03, and P=0.001, respectively). The mean IL-1β level in the HA+CS group was significantly higher than the HA, CS, and control groups (P=0.01, 0.01, and 0.04, respectively) ( Table 6 ).
Discussion
This is the first study investigating the effect of intra-articular HA+CS combination therapy on newly formed cartilage after subchondral drilling in the osteochondral defect model. There was no cartilage formation in fibrous tissue structure in any group in this study. In our study, there was significantly higher hyaline-like articular cartilage formation in the HA+CS group compared to other groups, and hyaline cartilage formation was observed only in the HA+CS group. We suggest that this combined treatment enhances cartilage proliferation by creating a synergistic effect compared to the use of HA or CS alone. There was significantly higher normal cartilage mineralization in the HA+CS group compared to other groups, the continuity and surface smoothness of cartilage were better, and there was more mixed/columnar cluster-type cell distribution. Therefore, this combination may be a good option for cartilage lesions.
Subchondral drilling and microfracture are common procedures in focal cartilage lesions. The aim of these methods is to move the multipotent mesenchymal stem cells in the bone marrow to the defect area. However, the repaired tissue obtained by this procedure has a fibrocartilaginous structure. Since this repaired tissue in fibrocartilaginous structure is rich in type 1 collagen and contains fewer proteoglycans, it is less stable compared to normal hyaline cartilage, which is rich in type 2 collagen. 5, 7, 18, 19 For this reason, additional treatment interventions have been studied to improve the quality of the repaired tissue and obtain long-term functional and stable repaired tissue that is similar to hyaline cartilage. 12 In most experimental animal studies, glycosaminoglycans after subchondral drilling or microfracture have been used frequently to obtain better-quality cartilage formation. 8, 12, 20, 21 Glycosaminoglycans, such as HA and CS are amino sugar-containing polysaccharides found in the extracellular matrix of all vertebrates. 22 HA plays an important role in the feeding of cartilage, and is responsible for the viscoelastic properties of synovial fluid (shock absorption and lubrication). 23 The anticatabolic effect of HA has been demonstrated in in vitro and in vivo models. 24, 25 Intra-articular injections have been shown to reduce articular cartilage damage by inhibiting the production of IL-1β, metalloproteinases, 26 and NO 13 , which cause cartilage-matrix degradation. Besides increasing synthesis of cartilage components, such as sulfated glycosaminoglycans, CS, proteoglycans, and type 2 collagen, 27 hyaluronic acid treatment also contributes to the formation of hyaline-like cartilage by increasing chondrocyte proliferation. 8, 28 CS, which increases chondrocyte production in joint cartilage, has been reported to have beneficial effects, such as stimulation of extracellular matrix (proteoglycan, type 2 collagen production), inhibition of inflammatory mediators and degradative enzymes (myeloperoxidase, N-acetyl glucosaminidase, collagenase, hyaluronidase, elastase, IL-1β, and PGE 2 ), reduction of chondrocyte apoptosis, and inhibition of cartilage degeneration. [28] [29] [30] [31] [32] It was reported in a meta-analysis conducted by Hochberg 33 that the use of CS was effective in both reducing symptoms and preventing reduction of knee-joint spacing in patients with knee osteoarthritis.
Strauss et al 8 stated that intra-articular HA injection for 3 weeks after microfracture was positively effective in repaired tissue developing in chondral defects in the early period. They observed anti-inflammatory and chondroprotective effects of HA support, reducing the development of degenerative changes in the knee joint. Öztemür et al 34 found significant differences between HA and a control group in terms of both cartilage quality and type 2 collagen expression in their animal study with a cartilage-defect model (without subchondral drilling). In their study, the expression 
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Tosun et al of VEGFA and IL-1β in synovial fluid was high in the HA group; on the other hand, these levels were normal in the HA group in our study. However, there was a significant increase in VEGFA and IL-1β levels in the HA+CS group in our study. We think that this was the result of inflammatory response due to drug intensity.
Suwannaloet et al 12 reported that HA injection promoted migration of chondrocytes and increased type 2 collagen content in fibrocartilage regeneration induced by subchondral drilling in rabbits with full-thickness osteochondral defects. Kim et al 20 indicated that 3-week HA injection with intraarticular single mesenchymal stem cell injection had a very effective role in the healing of osteochondral defects. In our study, there was significant articular cartilage formation of hyaline and/or hyaline cartilage-like structures in the HA+CS group. The continuity and smoothness of the articular surface were better in both the HA+CS and HA groups compared to other groups. In addition, although it was not statistically significant, newly formed cartilage tissue filled the defect area better in the HA+CS group compared to other groups, and it was similar in color and smoothness to its surrounding cartilage. We think that the use of intra-articular glycosaminoglycan after subchondral drilling or microfracture increases chondrocyte proliferation and affects cartilage healing positively in osteochondral defect treatment.
Naito et al 35 demonstrated in their experimental study that glucosamine increases type 2 collagen synthesis in joint cartilage and exhibits a chondroprotective effect in OA, inhibiting type 2 collagen degradation. Although type 2 collagen density in newly formed cartilaginous tissue was higher in the HA+CS group, it was not significant in our study. Gonçalves et al 14 evaluated CS and HA effects in animal experiments in which degenerative joints were formed. Although there was no significant difference between groups, there were nucleolar organizer regions promoting proliferation of chondrocytes and an increase in cell amounts in the HA group. However, they indicated that the high nucleolar organizer region:cell ratio observed in the group treated with CS was an indication of stimulated metabolic activity of chondrocytes and that CS may be helpful in reducing degenerative joint disease.
It has been reported that CS and glucosamine combination enhances type 2 collagen and proteoglycan synthesis in human articular chondrocytes, reduces the production of some proinflammatory mediators and proteases, can reduce cell-death processes, and can stabilize the anaboliccatabolic balance of extracellular cartilage matrix. 30 Tosun et al 36 observed cartilaginous metaplasia formation after local combined HA+CS administration after Achilles tendon repair, and expressed the view that combined HA+CS administration might be useful in cartilage injuries. The combined use of glucosamine sulfate and CS has become a popular supportive protocol in the treatment of degenerative joint disease. 37 Henrotin et al 23 emphasized that both pain and functional impairment decreased throughout their pilot study, in which patients with knee osteoarthritis were administered intra-articular HA+CS combination injections. Rivera et al 38 indicated that intra-articular HA+CS is effective and safe in both reduction of analgesic consumption and improvement in joint mobility in patients with knee osteoarthritis.
There have been insufficient studies on the use of the HA+CS combination as intra-articular injection in the treatment of osteoarthritis and chondral defects. 18, 23, [36] [37] [38] Chen et al 18 compared groups of HA, CS, and HA+CS with a control group in rabbits with experimentally formed osteoarthritis. They reported that HA+CS injections had a chondroprotective effect, and synovial membrane healing was best in this combination group. Although there was no statistical difference among the treatment groups, they indicated that IL-1β, TNFα, TIMP1, and NO levels synthesized in synovial fluid were suppressed and cartilage healing was better in treatment groups compared to the control group. In our study, mean TNFα, neopterin, collagenase type 2, TGF1β, and TIMP1 levels in synovial fluid were similar among groups. On the other hand, VEGFA and IL-1β levels in synovial fluid were higher in the HA+CS group compared to other groups. The IL-1β level in synovial fluid in the HA+CS group was lower in Chen et al, 18 but higher in our study compared to other groups. The TNFα level in the HA+CS group was observed to be lower in Chen et al, 18 but there was no difference in our study. We suggest no relationship between changes in inflammatory mediators and new-cartilage formation, but it is necessary to conduct an extensive and long-term study investigating the effect of biochemical molecules, known as inflammatory markers, in the healing of acute-onset lesions.
It has been reported that there are some differences in pathogenesis among different animals. Breinan et al 10 reported that a less meaningful effect of autologous chondrocyte implantation was found in a canine-model study than observed in their previous work in the rabbit. They emphasized that this condition may be explained by species differences, relative age of the animals, location of the defect (patella vs trochlea), and aspects of the surgical techniques. Although this study was an animal study, there may be some 
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effect of glycosaminoglycans on osteochondral defects minor differences compared to practices in humans, but we think that these positive results cannot be overlooked.
Conclusion
In light of this information, we propose that intra-articular HA+CS combination therapy, which is administered in addition to subchondral drilling causing mesenchymal stem cell stimulation, affects hyaline-like articular cartilage formation positively in the treatment of focal osteochondral defects. This combination can be used as a safe and an effective treatment for all cartilage lesions.
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